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Abstract
In this paper, 1,2,4-triazolium methanesulfonate (C2H4N+3 CH3SO−3 , [Tri][MS]), an ionic conductor, was successfully synthesized. It exhibited
high ionic conductivity of 18.60 mS·cm−1 at 140 ◦C and reached up to 36.51 mS·cm−1 at 190 ◦C. [Tri][MS] was first applied to modify Nafion
membrane to fabricate [Tri][MS]/Nafion membrane by impregnation method at 150 ◦C. The prepared composite membrane showed high
thermal stability with decomposed temperature above 200 ◦C in air atmosphere. In addition, the membrane indicated good ionic conductivity
with 3.67 mS·cm−1 at 140 ◦C and reached up to 13.23 mS·cm−1 at 180 ◦C. The structure of the [Tri][MS] and the composite membrane were
characterized by FTIR and the compatibility of [Tri][MS] and Pt/C catalyst was studied by a cyclic voltammetry (CV) method. Besides, the
[Tri][MS]/Nafion membrane (thickness of 65 µm) was evaluated with single fuel cell at high temperature and without humidification. The
highest power density of [Tri][MS]/Nafion membrane was 3.20 mW·cm−2 at 140 ◦C and 4.90 mW·cm−2 at 150 ◦C, which was much higher
than that of Nafion membrane.
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1. Introduction
High temperature proton exchange membrane fuel cell
(HT-PEMFC), enhanced electrode electrochemical kinetics,
simplified water management and the cooling system, and in-
creased CO tolerance, has been widely investigated recently
[1−5]. Proton exchange membrane (PEM) is one of the key
components in high temperature PEMFC, whose function is to
conduct proton and separate reactants. With high proton con-
ductivity, the perflurinated sulfonic membranes like Nafion
are widely applied in PEMFC. However, the proton conduc-
tivity of the traditional membrane is seriously dependent on
water present in membrane [6]. The membrane will be de-
hydrated with temperature above the boiling temperature of
water decreasing the proton conductivity and further degrad-
ing the fuel cell performance. As a result, development of
high temperature proton exchange membranes with high pro-
ton conductivity, high chemical and mechanical stability, and
low permeability to fuel is the core obstacle in high tempera-
ture PEMFCs and has attracted much interest [7−9]. To im-
prove the performance of Nafionr membranes for PEMFC
in high temperature and no-humidification conditions, many
researchers try modified membrane using various methods.
An effective approach is incorporating Nafion membrane with
protonic ionic liquids (PILs) [10−13]. PILs, as a kind of
non-aqueous proton-conducting electrolyte with low volatil-
ity and relatively high ionic conductivity, are formed by pro-
ton transfer between Brønsted acids and bases. Noda [14] in-
troduced imidazole into PEMFC firstly. Henceforth, great at-
tentions have been paid to ILs and composite membranes con-
tained ILs and polymer electrolyte such as imidazole, triazole,
and tetrazole [15]. Doyle et al. [16] reported the influence
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between Nafion membranes and ILs and immersed 3-methyl
imidazolium triflate (MNI-Tf) into Nafion membranes. The
ionic conductivity of the composite membrane exhibited
6×10−2 S·cm−1 and 1×10−1 S·cm−1 between 150 and
180 ◦C. Yang et al. [17] fabricated a composite membrane
Nafion/BMIm/PA based on Nafion115, ionic liquid and phos-
phoric acid and the membrane had potential to be used in
the high temperature PEMFC with a tensile stress at break
of 5.3 MPa and a proton conductivity of 10.9 mS·cm−1 at
160 ◦C without humidification. Sevim et al. [18] fabricated
a new copolymer doped with H3PO4 based on 1-vinyl-1,2,4-
triazole (VTri) and diisopropyl-p-vinylbenzyl phosphonate
(VBP), which showed a proton conductivity of 0.005 S·cm−1
at 150 ◦C. To improve the compatibility of Nafion-TEA mem-
branes, Iojoiu et al. [19] doped Trifluoromethanesulfonate of
triethylamm-monium (TFTEA) into Nafion-TEA. By casting
they fabricated Nafion-TEA membrane containing 20 wt%
TFTEA. Under 100 ◦C, 100% RH (relative humidity), and
1 atm relative pressure, current density of fuel cell reached
0.85 A/cm2 at 0.6 V. However, it was pity that no correspond-
ing data about high temperature and no-humidifying condi-
tions.
Triazole has three nitrogens in the ring and has simi-
lar proton-transfer mechanism with imidazole [20]. More-
over, the proton can be transferred easier than imidazole due
to the structure of single-double alternated bond and three
nitrogens in the ring of triazole. And the chemical stabil-
ity and the ability of ionic transform of triazole are bet-
ter than imidazole. 1H-1,2,4-triazole is a potentially use-
ful heterocycle which has a relatively high proton conduc-
tivity up to 1.2×10−3 S·cm−1 at its melting point [21].
Luo et al. [22] prepared 1,2,4-triazolium methanesulfonate
(C2H4N+3 CH3SO−3 ) using 1H-1,2,4-triazole (C2H3N3) and
methanesulfonic acid (CH3SO3H). The resulting of its ther-
mal property, proton conduction behaviour and electrochem-
ical stability suggested 1-methanesulfon-1,2,4-triazol would
be a suitable candidate for high temperature PEMFC elec-
trolytes.
In this paper, a ionic conductor of 1,2,4-triazolium
methanesulfonate ([Tri][MS]) was synthesized and was first
to be applied to incorporate into Nafion membrane to fabri-
cate Nafion/[Tri][MS] composite membrane by impregnation
method. The structural, thermal and electrochemical proper-
ties of the composite membranes were investigated. More-
over, fuel cell performance at high temperature and the com-
patibility between [Tri][MS] and Pt/C catalyst were systemat-
ically explored.
2. Experimental
2.1. Materials
1 H-1,2,4-triazol (Tri, 99.5%) was supplied from ACROS
Co., USA, methanesulfonic acid (MSA, 98%) from Tian-
jin Guangfu Fine Chemical Research Institute, the Nafion
(NRE212) membrane from DuPont, USA. N-methyl-2-
pyrrolidone (NMP, >99%) and methanol (99.9%, AR) were
purchased from Tianjing kemiou Chemical Ltd, China. Ace-
tone (DMK, >99.5%) was supplied from Dalian inorganic
chemical Co. Besides, polybenzimidazole (PBI), used in the
gas diffusion electrode (GDE), was synthesized as reported
previously [9]. Pt/C (70% Pt on Vulcan XC-72 carbon) was
purchased from Johnson Matthey.
2.2. Fabrication of 1,2,4-triazolium methanesulfonate
([Tri][MS])
The [Tri][MS] was synthesized from methanesulfonic
acid (MSA) and 1H-1,2,4-triazol (Tri) by acid-base neutral-
ization reaction. Firstly, Tri was dissolved with acetone and
stirred to get transparent solution of Tri. Then, the MSA was
added into the solution dropwise, which was stirred for 4 h.
Herein, the mole ratio of MSA and Tri was 1 : 1.5. The pro-
duced white particles was washed several times with acetone
to remove residual MSA and dried at 60 ◦C to obtain purified
[Tri][MS] (C2H4N+3 CH3SO−3 ).
2.3. Preparation of the [Tri][MS]/Naf ion membrane
The [Tri][MS]/Nafion composite membrane was prepared
as follows. Firstly, the Nafion (NRE212) membrane was
dried in the vacuum drying oven at 80 ◦C for 2 h. Then, the
Nafionr membranes were immersed into [Tri][MS]-saturated
methanol solution at 60 ◦C for 12 h and dried for 12 h. Put
the above membranes into molten [Tri][MS] at 150 ◦C for
7 h and 36 h, respectively, to make the membrane saturated
with [Tri][MS] (marked by the [Tri][MS]/Nafion membrane-
7 h, the [Tri][MS]/Nafion membrane-36 h). Finally, the resid-
ual melt [Tri][MS] on the surface of the membrane was
scraped off with filter paper at 150 ◦C and dried to ob-
tain the [Tri][MS]/Nafion composite membrane. The con-
tent of [Tri][MS] in the [Tri][MS]/Nafion membrane-36 h was
25 wt%. By comparison, the content of [Tri][MS] of the
[Tri][MS]/Nafion membrane-7 h was 8 wt%.
2.4. Physical characterization
Fourier-transform infrared (FTIR) of [Tri][MS] and the
[Tri][MS]/Nafion membrane was recorded with a Bruker
Equinox 55 FTIR spectrometer. The thermal stability was
measured by thermogravimetric analysis (TGA, STA449F3,
NETZSCH, Germany) at the rate of 10 ◦C·min−1 under air
and N2 atmosphere. Differential scanning calorimetry (DSC)
was carried out on a Seiko Instrument DSC 811 under air at-
mosphere. The sample was heated to 200 ◦C and then cooled
to ambient temperature and heated again to 200 ◦C at the rate
of 10 ◦C·min−1. The morphology of the [Tri][MS]/Nafion
membrane was observed with a field emission scanning elec-
tron microscopy (FESEM; Hitachi, S-4800).
2.5. Ionic conductivities
The ionic conductivity of [Tri][MS] was measured by
the conductivity meter (DSA-11, Shanghai LEI-CI Co. Ltd,
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China) in the range of 140 ◦C to 190 ◦C. In order to mini-
mize experimental error, the experiment system was stable at
each temperature for 2 h before measurements. The in-plane
ionic conductivities of the [Tri][MS]/Nafion membrane were
determined by the 2-probe DC method (a Solartron Sl 1260
analyzer) over a frequency range from 106 to 100 Hz at a volt-
age amplitude of 10 mV under no humidification. In this mea-
surement, the membrane was cut into 1 cm×4 cm and pressed
on two platinum-wired electrodes (the distance between the
electrodes was 2 cm), and the electrodes and membrane were
pressed between two stainless-steel plates and clamped tightly
by four bolts. The chamber was then placed in a vacuum oven
and measured in the range of 130 ◦C to 180 ◦C.
The ionic conductivity (σ) of the membrane was calcu-
lated by the following equation [23].
σ =
L
Rdw
(1)
where, L was the distance of the two platinum electrodes,
R was the membrane resistance by the impedance value at
0 phase angle, and d and w were the thickness and width of
the [Tri][MS]/Nafion membrane, respectively.
2.6. Electrochemical characterization
To examine the effect of [Tri][MS] on the performance
of Pt/C catalyst, the cyclic voltammetry (CV) and the O2
reduction reaction (ORR) curves of Pt/C electrode and the
Pt/C electrode dyed with [Tri][MS] were measured. All the
measurements were conducted at CHI 730 electrochemical
workstation with a three-electrode system using a rotating
ring disk electrode (RRDE, PINE AFE7R9GCPT) and satu-
rated calomel electrode (SCE) as the reference and counter
electrodes, respectively. And the rotating ring disk electrode
was made of a ring made of platinum (6.25 mm inner diam-
eter and 7.92 mm outer diameter) and a glassy carbon disk
(5.61 mm diameter). 5 mg Pt/C (40 wt%, Johnson Matthey),
50 µL Nafion solution (5 wt%) and 1 mL isopropyl alco-
hol were dispersed ultrasonically and 4 µL ink was trans-
ferred onto the glassy carbon electrode. The catalyst loading
was 31 µg·cm−2. The CV curve was measured in 0.5 mol/L
H2SO4 saturated with N2 at the rate of 50 mV·s−1 from
−0.241 to 0.959 V (vs. SCE). In RRDE tests, the ring po-
tential was 1.15 V in order to oxidize the hydrogen peroxide
produced during oxygen reduction.
2.7. Membrane electrode assembly (MEA) fabrication and
single-cell tests
The ionomer-PBI gas diffusion electrode (GDE) was used
in this study, which was prepared as reported previously
[9]. The catalyst ink of GDE included (Pt/C), PBI and
polyvinylidene fluoride (PVDF) (230 : 12 : 7, w/w) [24]. The
[Tri][MS]/Nafion composite membrane (thickness of 65 µm)
was sandwiched between two GDEs by hot pressing (140 ◦C)
to form the membrane electrode assembly (MEA). The active
area of electrode was 5 cm2 and Pt loading was 0.5 mg·cm−2.
The MEA was tested in a single cell with the operating tem-
perature of 140 and 150 ◦C. H2 and O2 gases were sup-
plied to the cell at pressure of 0.05 MPa at constant flow rates
(H2/O2 = 30 mL·min−1) with no humidification. The fuel cell
polarization curve was recorded by an electronic load PLZ-
50F (Kikusui, Japan).
3. Results and discussion
3.1. The feature of the [Tri][MS]/Naf ion membrane
The 1,2,4-triazolium methanesulfonate ([Tri][MS]) was
synthesized from 1H-1,2,4-triazol and methanesulfonic acid
and was characterized by FTIR. The chemical structure
was shown in Figure 1. The [Tri][MS]/Nafion compos-
ite membrane was prepared by impregnation method under
high temperature and the content of [Tri][MS] could reached
up to 25 wt%. SEM images (Figure 2) showed the surface and
Figure 1. Chemical structure of 1,2,4-triazolium methanesulfonate
Figure 2. SEM images of surface (a) and cross-section (b) of [Tri][MS]/Nafion membrane-36 h
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cross-section morphologies of the [Tri][MS]/Nafion mem-
branes. The surface of composite membranes showed a ho-
mogeneous dispersed morphology and the cross-section views
of composite membranes looked dense and uniform. Besides,
in the experiment of fabricating membranes, many polymers
were tried, such as PBI, PVDF and SPEEK. However, it was
difficult to fabricate a homogeneous phase membrane by mix-
ing [Tri][MS] with these polymers directly because of the
poor compatibility between [Tri][MS] and polymers.
3.2. FTIR results of [Tri][MS] and [Tri][MS]/Naf ion mem-
branes
FTIR spectra of [Tri][MS] and the [Tri][MS]/Nafion
membrane were shown in Figure 3. In FTIR spectra of
[Tri][MS] (Figure 3a), the absorption bands appearing at
1569 cm−1 and 3134 cm−1 were attributed to the protona-
tion of the triazole rings [25,26]. And the absorption bands
at 2888, 2796 and 2611 cm−1 should be related to asso-
ciate NCH stretching vibrations in the protonated triazole
rings [27]. Furthermore, the medium C–N stretching peak
at 1531 cm−1 and the absence of C = N stretching peak at
1544 cm−1 were attributed to the proton exchange reactions
[28,29]. Besides, the sharp absorption bands at 1041 cm−1
was associated with the SO3 symmetric stretching vibration
of CH3SO−3 [26]. The absorption of the SO3 symmetric
stretching vibration of CH3SO−3 around 1195 and 1218 cm−1
was characteristic for a CH3SO−3 anion strongly involved in
a hydrogen bond. The other IR spectra absorption bands of
CH3SO−3 appeared at 776 cm−1 (S–C stretch) and 1411 cm−1
(CH3 asymmetric deformation) [22]. Meanwhile, 882 cm−1
was attributed to the C–H out-of-plane bend [30]. FT-IR
spectroscopic analysis results demonstrated the structure of
[Tri][MS] (shown in Figure 1).
The [Tri][MS]/Nafion membrane-36 h and membrane-7 h
exhibited the same medium absorption at 1569 cm−1 which
Figure 3. FTIR spectra of membranes. (1) Nafion 212-0 h, (2)
[Tri][MS]/Nafion membrane-7 h, (3) [Tri][MS]/Nafion membrane-36 h, (4)
[Tri][MS]
was attributed to the protonation of the triazole rings [22] and
the intensity of the peak increased with the increased amount
of [Tri][MS] in membrane. The peaks of N–H stretching vi-
brations in the protonated triazole rings at 2888, 2796 and
2611 cm−1 appeared in the [Tri][MS]/Nafion membranes and
indicated that the [Tri][MS] was impregnated in the Nafion
membrane.
3.3. Thermal properties
An important criterion of protonic conductor and poly-
mer based membranes for fuel cells at high temperature was
their thermal stabilities [31], which was investigated with
TGA and DSC. The TGA curves of the pure [Tri][MS] and
[Tri][MS]/Nafion composite membrane were indicated in Fig-
ure 4. It can be clearly seen that the decomposed temperature
of [Tri][MS] was greater than 200 ◦C in nitrogen atmosphere,
which was sufficient for the operation of HT-PEMFC. In air
atmosphere, the TG curve profile of [Tri][MS] was similar to
that in nitrogen atmosphere.
Figure 4. TGA patterns of composite membranes and [Tri][MS] under air
and nitrogen atmospheres
As for the Nafion membrane, there existed three weight
loss stages in the entire of decomposition [32], while there
were four weight loss stages during the decomposition of
[Tri][MS]/Nafion composite membrane as illustrated in Fig-
ure 4. The 4.71% weight loss of the [Tri][MS]/Nafion mem-
brane at the temperature of about 100 ◦C was ascribed to wa-
ter loss. The second stage of the 46.03% weight loss at the
temperature from 200 to 320 ◦C corresponded to the decom-
position of [Tri][MS], which did not exist in the pure Nafion
membrane [33]. The third one of the 9.27% weight loss be-
tween 320 and 400 ◦C was caused by the elimination of the
sulfonate groups in the matrix polymer and the last one of the
40.84% weight loss between 400 and 520 ◦C was due to the
oxidative destruction of the perfluorinated matrix. These re-
sults demonstrated that the [Tri][MS]/Nafion membrane had
distinct thermal stability to be used at high temperatures fuel
cells (100−200 ◦C).
Figure 5 shows the DSC thermograms of the
[Tri][MS]/Nafion membrane, the Nafion membrane and the
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pure [Tri][MS]. It can be seen that the DSC thermogram of the
pure [Tri][MS] showed an endothermic peak at 136 ◦C, which
corresponded to the melting point of [Tri][MS]. As for the
[Tri][MS]/Nafion membrane-7 h, the endothermic peak rep-
resenting the free [Tri][MS] melting was not found, which in-
dicated that [Tri][MS] and Nafion membrane fully interacted
with each other. However, the endothermic peak representing
the free [Tri][MS] melting was found in the [Tri][MS]/Nafion
membrane-36 h indicating that the free [Tri][MS] remained
inside the membrane. These free [Tri][MS] can improve the
ion conductivity of membrane [8].
Figure 5. DSC thermograms for pure [Tri][MS] and [Tri][MS]/Nafion mem-
branes
3.4. Ionic conductivity
During 140 to 190 ◦C, the [Tri][MS] was in melt state.
The ionic conductivity (σ) data of the [Tri][MS]/Nafion
membrane and pure [Tri][MS] under no humidification were
shown in Figure 6. The curves displayed an increase in ionic
conductivity with the increase of temperature in all cases. And
[Tri][MS] exhibited high conductivity with 18.60 mS·cm−1
at 140 ◦C and 36.51 mS·cm−1 at 190 ◦C while higher than
Nafion membrane (10−4–10−8 S·cm−1) under the dry condi-
tion [34].
Figure 6. Variation of the ionic conductivity of pure [Tri][MS] and
[Tri][MS]/Nafion membrane-36 h at different temperatures
Figure 7. Hypothesis of ion conduction in [Tri][MS]-based membrane
Table 1. Ionic conductivity of different PILs/Nafion membrane
Ion IL content Conductivity (mS·cm−1)/Polymers
source (wt%) temperature (◦C) Ref.
Nafion [Tri][MS] 25 3/180 this work
BMIm-TFSI 7 to 14.5 0.84 to 3.58/160 [36]
BMIm-BF4 8 to 54 1.9/130 [16]
S-POSS 17 to 24 3 to 5/150 [37]
AA-TFA-MS-TF- 19 to 42 1 to 20/120 [38]
BMIm-TFSI: 1-butyl-3-methylimidazolium bis (trifluoromethanesul-
fonyl) imide; BMIm-BF4: 1-butyl-3-methylimidazolium tetrafluorob-
orate; S-POSS: sulfonated polyhedral oligomeric silsequioxane; AA-:
acetic acid; TFA-: triethylammonium; MS-: sulfonic acid; TF-: tri-
ethylammonium. Examples of Nafion-based polymer membranes by
impregnation containing IL: ion sources, IL contents and proton con-
ductivities
In addition, below the melting point of [Tri][MS]
(136 ◦C), the ionic conductivity of the [Tri][MS]/Nafion
membrane-36 h exhibited 0.31 mS·cm−1 at 110 ◦C,
0.36 mS·cm−1 at 120 ◦C and 0.87 mS·cm−1 at 130 ◦C. With
the temperature increased, the [Tri][MS]/Nafion membrane
exhibited higher ionic conductivity with 3.67 mS·cm−1 at
140 ◦C and 13.23 mS·cm−1 at 180 ◦C. The reason for the
higher ionic conductivity above 136 ◦C was that the exis-
tence of pi-conjugated system in the melted [Tri][MS] facili-
tating to conduct proton. As we all know, the water-swelled
electrolyte membrane has two typical mechanisms of pro-
ton conduction, namely, proton hopping (Grotthuss mecha-
nisms) and diffusion (vehicular mechanisms). W. Ogihara and
M. Yoshizawa [35] reported that the vehicular mechanisms
should mainly govern the proton conduction in C2H3N3-
CH3SO3H system because that in this system obeyed the
VFT equation. So, proton transport might occur predom-
inantly by the same mechanism in the [Tri][MS]/Nafion
membrane-36 h. The dissociated proton was mainly trans-
ferred by 1,2,4-triazolium via vehicular mechanisms and the
hypothesis of ion conduction in the [Tri][MS]-based mem-
brane was given in Figure 7. Besides, Table 1 shows the ionic
conductivity of different PILs/Nafion membrane by the same
way of impregnation. We could find that the low content of
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PILs about 7 to 30 wt% mainly resulted in the low ionic con-
ductivity under the high temperature and no-humidification
conditions. But from the data in Table 1, we still hold that
the [Tri][MS]/Nafion systems had some merits under the high
temperature and no-humidification conditions. This point
could be proved by the performance of fuel cell below.
3.5. Electrochemical analysis
The CV and the ORR curves of Pt/C electrode and the
Pt/C electrode dyed with [Tri][MS] were measured to deter-
mine the ORR activity and selectivity of the Pt/C catalyst dyed
with [Tri][MS]. From Figure 8(a), we can clearly see that the
activity area of Pt/C catalyst decreased sharply when the elec-
trode was dyed with [Tri][MS] and the oxidation and reduc-
tion of Pt became not obvious. To demonstrate four-electron
selectivity of Pt/C catalyst dyed with [Tri][MS], the hydro-
gen peroxide yield H2O2 (%) was calculated. And the hydro-
gen peroxide yield H2O2 (%) in ORR and the total electron-
transfer number (n) were calculated by the following equa-
tion [39].
H2O2 yield (%) =
2Ir
N|Id|+ Ir
×100% (2)
n = 4−2× H2O2 yield (%)
100
(3)
where, N was the RRDE collection efficiency, and it was de-
termined to be 0.37 herein. Ir was the ring current as a func-
tion of applied potential and Id was the disk current against
applied potential.
Figure 8. (a) CV curves of Pt/C electrodes dyed with [Tri][MS], in comparison with blank Pt/C; (b) ORR activity and H2O2 yield of a blank Pt/C electrode and
a Pt/C electrode dyed with [Tri][MS]
ORR activity and four-electron selectivity data of Pt/C
electrode and the Pt/C electrode dyed with [Tri][MS] were
shown in Figure 8(b). While [Tri][MS] led to a declination
in the ORR activity of Pt/C electrode dyed with [Tri][MS], re-
sulting in a negative shift in the ORR onset potential when
compared with Pt/C. Meanwhile, the H2O2 yields on Pt/C
catalyst dyed with [Tri][MS] exhibited a small growth with
0.96% at 0.4 V compared with 2.07% on Pt/C. And n val-
ues were higher than 3.93 from −0.1 V to 0.6 V (vs. SCE)
toward oxygen reduction via four-electron reduction to H2O.
This indicated that, the Pt/C catalyst dyed with [Tri][MS] pro-
vided few active sites for oxygen reduction, however, mainly
to H2O2 on a four-electron path. It might be caused by the
strong absorption of [Tri][MS] on the surface of Pt covering
the active site of H on the surface of Pt. All these results
showed that [Tri][MS] had a strong poisoning effect on the
catalyst. The bad compatibility between [Tri][MS] and the
Pt/C catalyst would be adverse to the fuel cell performance.
3.6. Fuel cell performance
A single cell membrane electrode assembly (MEA)
with the [Tri][MS]/Nafion membrane-36 h and the platinized
ionomer-PBI gas diffusion electrodes was tested at 140 and
150 ◦C under anhydrous conditions. As shown in Figure 9,
the open circuit voltage (OCV) of the [Tri][MS]/Nafion mem-
brane was up to 0.741 V at the temperature of 140 and 150 ◦C
while the Nafion membrane was lower than 0.6 V at the
same condition. In addition, the highest power density of the
[Tri][MS]/Nafion membrane was 3.20 mW·cm−2 at 140 ◦C
and 4.90 mW·cm−2 at 150 ◦C, which was much higher than
those of the Nafion membrane with 1.00 mW·cm−2 at 140 ◦C
and 1.06 mW·cm−2 at 150 ◦C. Besides, the highest cur-
rent density of the [Tri][MS]/Nafion membrane could be up
to 36.6 mA·cm−2 at 150 ◦C and 29.4 mA·cm−2 at 140 ◦C.
These results demonstrated that the [Tri][MS]/Nafion mem-
brane was promising to be used at high temperatures and with-
out humidification. However, considering the bad compatibil-
ity of [Tri][MS] with Nafion membrane, the [Tri][MS] doping
levels in the [Tri][MS]/Nafion membrane was limited and it
could not form a continuous ionic channels through the mem-
brane, restricting the proton transport and finally the fuel cell
performance. Besides, the [Tri][MS] had a strong poisoning
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Figure 9. Fuel cell characteristics for [Tri][MS]/Nafion membrane-36 h under anhydrous condition at 140 and 150 ◦C
effect on the Pt/C leading to the decrease of catalyst activity,
which was another reason restricting the output performance
of the single fuel cell.
4. Conclusions
A new ionic conductor, 1,2,4-triazolium methanesul-
fonate ([Tri][MS]) was successfully synthesized and it showed
good thermal stability both in N2 and air atmosphere and high
ionic conductivity of 0.036 S·cm−1 at 190 ◦C. In addition,
the [Tri][MS] was first applied to modify Nafion membrane
to prepare [Tri][MS]/Nafion composite membrane by impreg-
nation method under high temperature. The composite mem-
brane exhibited excellent chemical stability in air atmosphere
and high conductivity of 13.23 mS·cm−1 at 180 ◦C. The high-
est power density of the fuel cell with the composite mem-
brane reached 3.20 mW·cm−2 at 140 ◦C and 4.90 mW·cm−2
at 150 ◦C, while the Nafion membrane was 1.00 mW·cm−2 at
140 ◦C and 1.06 mW·cm−2 at 150 ◦C. All in all, the [Tri][MS]
showed great potential to be applied as the ionic conductor
for HT-PEMFCs. However, the fuel cell performance was not
good enough due to the bad compatibility of [Tri][MS]/Nafion
composite membrane and Pt/C catalyst. As a result, other
more suitable polymer substrate and catalyst should be ex-
plored to improve the compatibility with [Tri][MS] and to fur-
ther enhance the fuel cell performance.
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